One of the nature\'s most remarkable features is the ability to recover itself, i.e. self-healing, upon damage, such as cuts or bruises[@b1]. Inspired by the nature, researchers have designed and developed various materials with self-healing property[@b2], among which, polymeric materials are by far the most studied probably due to their ease to functionalize and modify[@b3][@b4][@b5][@b6][@b7][@b8]. In general, the repairing mechanism of healable polymers could be divided into two classes differentiated by whether an external stimulus is needed[@b9]. One is an autonomic self-healing process that requires no triggers except the damage, whereas, the other is non-autonomic amendment, which is responsive to a specific external stimulus, such as light and heat.

With the enthusiastic efforts paid by the polymer chemists, significant progress has been made in aforementioned classes, but the researches on the self-healing approaches were mainly focused on the encapsulated-monomer/catalyst[@b10][@b11][@b12][@b13][@b14][@b15][@b16], supramolecular self-assembly[@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25], and reversible or dynamic covalent bond formation[@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34]. Among these developed approaches, the first two possess limited mechanical properties with stress generally less than 10 MPa, and the latter could decrease its mechanical property at elevated temperature. For example, materials healed via the Diels-Alder (DA) chemistry will suffer from the dissociation of covalent bonds via the retroDA reaction at temperature high than 120°C[@b35]. Alternatively, the irreversible covalent bond formation will be an ideal strategy to repair the damage and enhance the mechanical property of a polymeric material simultaneously. This approach, however, need to be further developed[@b9][@b36][@b37][@b38]. Moreover, in the reported systems, multiple components are needed, which will complicate the manipulation procedures. For example, Urban and coworker have reported a photo-healable irreversible covalent-bonded heterogeneous polyurethane networks based on oxetane-substituted derivative of chitosan, which could not formed without addition of the components of hexamethylene diisocyanted and polyethylene glycol[@b36][@b37]. Du Prez and coworkers have developed autonomous self-healing epoxy materials, in which the crack area should fill with multifunctional thiols and difunctional maleimides to realize the recovery[@b38]. To simplify the operation and to be practically applicable, the irreversible covalent bonded polymeric material systems that could be healed without any additive will be an exciting research topic.

Our ongoing research projects have shone the light into this emerging area. We have been interested in the construction of new macromolecules using alkyne monomer building blocks and have synthesized a variety of polymers with linear and topological structures[@b39]. Because of the key role of alkynes in the alkyne-azide click reactions[@b40][@b41] and as a natural extension of our alkyne-based research program, we have embarked on the syntheses of functional polytriazoles and successfully developed this organic reaction into to powerful click polymerization[@b42][@b43]. During the cause of development of the Cu([i]{.smallcaps})-catalyzed azide-alkyne click reaction into a polymerization technique, we have also successfully established metal-free click polymerizations (MFCPs) of azides and activated alkynes[@b42][@b43][@b44][@b45][@b46][@b47]. For example, the polymerizations of aroylacetylenes and azides under mild reaction conditions produced functional linear poly(aroyltriazole)s (PATAs) with high molecular weights and regioregularities in high yields. No hyperbranched PATA (*hb*-PATA), however, has been prepared by this powerful polymerization technique. The *hb*-PATAs are expected to show unique properties due to their topological global structures[@b48], and the remaining tremendous reactive azide and aroylacetylene groups on the periphery makes *hb*-PATAs promising candidates to be developed into simple self-healing systems[@b49].

Though the alkyne-azide click reactions have been used to prepare self-healing polymers, the focus was on the Cu([i]{.smallcaps})-catalyzed systems[@b50][@b51][@b52][@b53][@b54], which are heterogeneous due to the catalyst additives and make the healing process complicated. For example, Binder and coworkers have applied this reaction to prepare self-healing polymers but with the encapsulated-monomer strategy[@b50][@b51]. In this contribution, we report an irreversible covalent-bonded self-healing system based on *hb*-PATAs. Thanks to the metal-free feature and the remaining azide and aroylacetylene groups on their periphery, the bulky materials of *hb*-PATAs are homogeneous and could be healed without any additive, which will greatly simplify the healing manipulation and facilitate the practical application.

Results
=======

Preparation of *hb*-PATAs
-------------------------

These polymers were synthesized by our developed alkyne-azide MFCP as shown in [Figure 1](#f1){ref-type="fig"}. To facilitate monomers preparation and to avoid monomer oligomerization during their storage, we adopted a dialkyne (A~2~) + triazide (B~3~) strategy to prepare the *hb*-PATAs. Bis(aroylacetylene)s (**1** and **2**)[@b55] and triazide (**3**)[@b56] were thus designed and synthesized according to our previous published methods. By investigating the MFCP conditions using monomers **2** and **3**, such as reaction temperature, monomer concentration ([Supplementary Tables S1 and S2](#s1){ref-type="supplementary-material"}), the optimal ones were obtained. When bis(aroylacetylene)s (concentration: 0.18 M) polymerized with triazide (concentration: 0.12 M) in DMF/toluene (1:1 by volume) at 70°C for 6 h under nitrogen, *hb*-PATAs of P**I** and P**II** with high molecular weights (up to 27,800 g mol^−1^) were obtained in excellent yields (up to 97.6%) ([Fig. 1](#f1){ref-type="fig"}). Most importantly, the polymers are soluble in common used organic solvents, such as chloroform, dichloromethane, tetrahydrofuran. Moreover, they are still soluble even after two weeks\' storage at −19°C because this temperature could greatly lower the reactivity of azide and alkynes groups. The synthesized polymers are thermally stable. As could be seen from the thermogravimetric analysis (TGA) curves shown in [Supplementary Figure S1](#s1){ref-type="supplementary-material"}, P**I** and P**II** show high resistance to thermolysis and lose 5% of their weights at temperatures of 361 and 363°C, respectively.

Thanks to their good solubility, the polymer structures were fully characterized by IR, and ^1^H and ^13^C NMR spectra ([Supplementary Figs. S2--S7](#s1){ref-type="supplementary-material"}). Satisfactory analysis results corresponding to their structures were obtained. From the spectra, we could conclude that azide and alkyne groups are remained in the obtained *hb*-PATAs. The fractions of 1,4-disubstituted 1,2,3-triazoles of P**I** and P**II** could be calculated from the ^1^H NMR spectra according to our previous methods[@b44], which are 91.7 and 90.9%, respectively. It is worthy noting that these values are pretty higher that that of their linear analogues (\< 89.3%)[@b44][@b45], probably due to the branched structures and lower reaction temperature.

Self-repairing of the scratched surface of polymer film
-------------------------------------------------------

Unlike traditional hyperbranched polymers, P**I** and P**II** feature excellent film-forming abilities, which enable us to prepare self-standing and transparent homogeneous thick films with ease. Interestingly, the surface of dried polymer films could be recovered from damage of scratch. The curved letters of "ZJU" ([Fig. 2a](#f2){ref-type="fig"}) on the surface of P**I** film could completely disappear upon heating at 60--70°C for 10 s under ambient conditions ([Fig. 2b](#f2){ref-type="fig"}). Furthermore, the re-inscribed "CHEM" on the same place ([Fig. 2c](#f2){ref-type="fig"}) could be resumed without any mark by the same method ([Fig. 2d](#f2){ref-type="fig"}). To have the detailed information about the effect of temperature on the re-pairing process, the film was tested in a water bath with tunable and controllable temperature. The results showed that it took 100--120 s to resume the curved surface at 50°C but \~10 s at 60°C. More importantly, this self-repairing process was repeatable during our test. The similar behaviors were observed for P**II** films.

To get insight into the intrinsic mechanism of the self-repairing feature of the polymer films, differential scanning calorimetry (DSC) measurements were carried out ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). The results showed that the glass transition temperatures (*T*~g~) of P**I** and P**II** are 59.5 and 69.3°C in the second heating cycle, respectively. Thus, heating the polymer film above its *T*~g~ allowed the material to reflow and repair. Once the film was cooled below the *T*~g~, it regained gloss and hardness[@b35]. Furthermore, with increasing heating cycles from 2nd to 5th, the *T*~g~s for P**I** and P**II** are enhanced only for 9.1 and 20.4°C, indicating that short time heating of the films impart little effect on their thermal properties and the cross-linking effect plays an ignorable role during the process. These results also well explain the repeatability of the self-repairing of the film surfaces.

Self-healing of the polymer films
---------------------------------

Thanks to the good film-forming ability of *hb*-PATAs, perfect films with thickness of 45 ± 10 μm could be fabricated by casting ([Fig. 3](#f3){ref-type="fig"}). From the FT-IR attenuated total reflectance (ATR) spectra of the as prepared films of P**I** and P**II** ([Supplementary Fig. S9](#s1){ref-type="supplementary-material"}), we still could found the vibration bands of azide and alkyne at 2100 cm^−1^, with provide a good chance for us to use them to perform the self-healing experiments. As shown in [Figure 3](#f3){ref-type="fig"}, the dried film of P**I** was first halved by a razor blade, then part of it was peeled off from the petri-dish, stacked to another with overlapping length of 5 mm, and heated at 110°C. The results showed that after heating at this temperature for only 8 min, the stacked film could resume the mechanical strength and bear a clip with a weight of 6.40 g ([Supplementary Fig. S10](#s1){ref-type="supplementary-material"}). To ensure sufficient reaction between azide and aroylacetylene groups on the stacked film surfaces and to fully resume the mechanical property, we extended the healing time to 4 h. As shown in [Figure 3d](#f3){ref-type="fig"}, the healed film could be peeled off from the petri-dish, which enables us to assess its mechanical property by standard methods.

The healed film was cut into several small testing samples with size of 4--5 mm in width and 40--50 mm in length. As shown in [Figure 4](#f4){ref-type="fig"} and [Supplementary Figure S11](#s1){ref-type="supplementary-material"}, the Young\'s modulus and the fracture stress of healed stacked films (P**I**: 1.2 GPa and 36.9 MPa, P**II**: 1.5 GPa and 47.4 GPa, respectively) are much higher than that of the as-prepared (P**I**: 0.8 GPa and 28.9 MPa, P**II**: 1.0 GPa and 29.1 MPa, respectively) and heated films (P**I**: 0.9 GPa and 32.8 MPa, P**II**: 1.1 GPa and 42.7 MPa, respectively), indicating that the self-healing process could reinforce the mechanical property of the film simultaneously. Furthermore, the broken site was near the fixture of the testing machine instead of the healed area, revealing that the healed area has stronger mechanical property. The healed stacked film was further investigated by IR spectroscopy. The weakened absorption bands of azide and alkyne groups at 2096 cm^−1^ of healed films manifested that part of remaining azide and aroylacetylenes have been reacted to form aroyltriazole cross-linked network according to our previous findings ([Supplementary Fig. S12](#s1){ref-type="supplementary-material"})[@b44][@b45]. Furthermore, the left azide and alkyne groups in the healed films could be further reacted upon heating, which proves a possibility for the films to be healed again upon broken.

Self-healing of the polymer sticks
----------------------------------

The P**I** and P**II** could not only be casted into thick films but also be fabricated into homogeneous sticks free from defects. We thus used the polymer sticks to investigate their self-healing behaviors. The dried sticks with sizes of 4.10 mm in width, 1.06 mm in thickness, and 27 mm in length were cut into two halves, which were pressed together and heated at 110°C for 4 h ([Fig. 5a](#f5){ref-type="fig"}). Then, the self-healing process was activated and the halves were re-connected to form a healed stick. The self-healing could be attributed to the cross-linking reactions between the remaining azides and aroylacetylene groups on the cut surfaces as demonstrated in [Figure 5b](#f5){ref-type="fig"}.

The mechanical property of as-prepared and healed sticks was investigated by standard methods. As shown in [Figure 6](#f6){ref-type="fig"}, the sticks could sustain a deformation when imparting pulling force vertical to the healed surfaces. The stress (13.5 MPa) and Young\'s modulus (94.7 MPa) of the self-healed stick are 2.5 and 14.6 times higher than that of the pristine one, respectively, indicating that the self-healing process could remarkably enhanced the mechanical property of sticks. It is worthy noting that similar to the healed film, the fracture did not occur along the healed seam, further substantiating the high mechanical strength of healed sticks.

Discussion
==========

The self-healing polymers may significantly extend the working life and lower production costs, thus, have many general applications in diverse areas. Currently, the research on self-healing polymers has been mainly focused on the encapsulated-monomer/catalyst, supramolecular self-assembly, and reversible covalent bond systems. The irreversible covalent bonded system could realize the self-healing and enhance the mechanical property especially at elevated temperatures simultaneously, but need to be further developed.

In this contribution, we succeeded for the first time in synthesizing processible *hb*-PATAs by MFCPs of aroylacetylenes and azide. The obtained *hb*-PATAs possess excellent film-forming ability and could be fabricated into transparent and homogeneous thick films free from defects by casting. The films are scratch-resisted and the scratch on their film surfaces could be repeatedly repaired by heating at 60--70°C, making them promising for application in re-writable papers and data storage areas as well as advanced scratch-resisted coatings.

Taking advantage of the remaining azide and aroylacetylene groups on the periphery of *hb*-PATAs, the cut halves of their films and sticks could be healed by stacking or pressing together with general heating at 110°C for 4 h. Furthermore, the self-healed materials show higher mechanical strength than their original films or sticks. This irreversible covalent-bonded self-healing system does not need add other component, such as a catalyst, a cross-linker, and could be simply triggered by heating, which enables them to find wide applications in diverse areas. Thus, we believe that our design concept for self-healing materials should be generally applicable to other hyperbranched polymers with reactive groups on their peripheries.

Method
======

The optimization of MFCP conditions and preparation of *hb*-PATAs are given in [supporting information](#s1){ref-type="supplementary-material"}.

Preparation of *hb*-PATA films
------------------------------

The *hb*-PATAs films were prepared by solution casting method. 297 mg of P**I** or 305 mg of P**II** were dissolved in 15 mL 1,2-dichlorethane. The solution was poured into a flat-bottomed glass petri-dish with diameter of 60 mm and allowed to dry at room temperature for 24 h. Then, the films were further dried at 40°C overnight to remove residual solvents.

Fabrication of *hb*-PATA sticks
-------------------------------

1.78 g of P**I** was dissolved in 50 mL 1,2-dichlorethane. The solution was poured into a semi-cylinder glass mode with sizes of 40 mm in diameter and 100 mm in length. The dry procedures are same to that of the films. The sticks were obtained by vertically cut the sample.

Mechanical property measurement
-------------------------------

The test was carried out at room temperature with humidity of 52% at a pulling rate of 2 mm min^−1^ by Reger-RWT10 instrument with the standard length of 20 mm. The sticks were tested by SANS CMT 4204 instrument with same experimental conditions.
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![Synthetic routes to hyperbranched poly(arolytriazole)s of PI and PII.](srep01093-f1){#f1}

![Self-repairing of the scratched surface of PI film.\
(a) Curved "ZJU" on the surface, (b) after heating the film, (c) re-inscribed "CHEM" on the same place of the surface, and (e) recovered surface of the film again by the same method. To better visualize the process, a blue background was used. The film is in the size of 19.9 mm × 26.3 mm.](srep01093-f2){#f2}

![Self-healing on the surface of PI film.\
(a) the as-prepared film from P**I** in petri-dish; (b) the half-cut film by a razor blade; (c) the self-healed film with overlapping width of 5 mm after heated at 110°C for 4 h; (d) the self-healed and stripped film. The diameter of petri-dish is 60 mm, the thickness of the as-prepared film is 45 ± 10 μm.](srep01093-f3){#f3}

![Stress-strain curves of PI films.\
(a) The as-prepared film without curing, (b) the pristine film after heating at 110°C for 4 h, and (c) the self-healed film. The test was carried out at room temperature with humidity of 52% at a pulling rate of 2 mm min^−1^ by Reger-RWT10 instrument with the standard length of 20 mm. The samples were 4--5 mm in width. Inset: the healed film sample and the force direction as well as the broken site of the film after test.](srep01093-f4){#f4}

![(a) The self-healing process of the PI sticks, and (b) the proposed mechanism of self-healing of polymer sticks.\
The sizes of the sticks are 4.10 mm in width, 1.06 mm in thickness, and 27 mm in length.](srep01093-f5){#f5}

![Stress-strain curves of PI sticks.\
(a) Before and (b) after self-healing at 110°C for 4 h. The test was carried out at room temperature with humidity of 52% at a pulling rate of 2 mm min^−1^ by SANS CMT 4204 instrument with the standard length of 20 mm. The sizes of the sticks are 4.10 mm in width, 1.06 mm in thickness, and 27 mm in length.](srep01093-f6){#f6}
